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We measure the next-nearest-neighbour coupling in an array of coupled optical waveguides directly via an
integrated eigenmode interferometer. In contrast to light propagation experiments, the technique is insensitive
to nearest-neighbour dynamics. Our results show that second-order coupling in a linear configuration can be
suppressed well below the level expected from the exponential decay of the guided modes.
50 years past its proposition1, evanescent coupling be-
tween optical waveguides has become a standard part
in the optical engineer’s toolbox and is now widely ap-
plied in science and industry2. Extended lattices of
coupled waveguides have been used for various funda-
mental studies and applications, ranging from artificial
graphene3,4 and quantum walks5–8 to mode-locking of
lasers9 and quantum state preparation10,11. These sys-
tems are usually based on coupling between nearest
neighbours. Coupling between more distant sites can
often be neglected, due to an exponential decay of the
waveguide modes12. Yet, there are configurations for
which precise knowledge and control of such couplings
become crucial. For instance, some one-dimensional ar-
rays are designed towards an effective cancellation of
nearest-neighbour coupling after certain distances, such
that coupling between next-nearest-neighbours (hence-
forth termed ‘second-order coupling’) can become the
dominant mechanism of transverse transport13–16. Ev-
idently, the distance between next-nearest neighbours in
two-dimensional lattices does not need to be much larger
than the one between nearest neighbours4,7. Therefore,
second-order coupling is often quite relevant in such sys-
tems. Moreover, second-order coupling has been shown
to have considerable impact in nonlinear optics, where it
determines the existence of a power treshold for discrete
solitons17, as well as on two-particle interference condi-
tions in the quantum regime18.
In order to obtain systematic knowledge of how and
with which strength second-order coupling arises in the
configurations of interest it would be desirable to measure
it directly. However, its subtle influence on the propaga-
tion dynamics is often masked by the much stronger first-
order coupling (or the unknown fidelity of its cancelling
mechanism), such that it is quite hard to unambiguously
extract the second-order coupling from light propagation
experiments. It seems more promising to use the impact
of second-order coupling on the eigenmodes of the sys-
tem for experimental access. Indeed, second- and even
third-order coupling in square and honeycomb lattices of
microwave resonators have been unambiguously identi-
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fied from their frequency spectra19. In optics, however,
a direct measurement of waveguide eigenmodes is more
challenging and requires interferometric techniques. In
this work, we present such a method and apply it to
measure second-order coupling in the most fundamental
system where it can occur - an array of three waveguides.
In particular, we investigate whether the second-order
coupling between the outer waveguides is as strong as
expected from the exponential mode decay or whether it
is perturbed by the central site. As many larger waveg-
uide lattices contain such three-site units, the results of
our study will also be applicable to extended systems.
We start with a linear chain of three identical single-
mode waveguides with spacing d, as sketched in Fig. 1(a).
In the paraxial approximation and the tight-binding
regime, one can describe the system by discrete field am-
plitudes ψ1,2,3(z), whose evolution along the longitudinal
coordinate z is governed by:
i
dψ1,3
dz
+ κ1ψ2 + κ2ψ3,1 = 0
i
dψ2
dz
+ κ1 (ψ1 + ψ3) = 0.
(1)
The dynamics of the system is usually dominated by the
coupling between nearest neighbours κ1
12. Due to the ex-
ponential decay of the mode fields away from the waveg-
uides, the second-order coupling between the outer sites
κ2 is much weaker. Therefore, it influences the propaga-
tion dynamics only slightly, which makes κ2 hard to mea-
sure directly in light propagation experiments. In fact,
the impact of κ2 on the light propagation is indistinguish-
able from the one of the central site 2 being detuned with
respect to the outer ones, a situation which can occur in
laser-written waveguides due to stress fields20,21.
For acquiring experimental access to the second-order
coupling, which is not obstructed by nearest-neighbour
coupling dynamics, we resort to stationary solutions
of the coupled system. They should have the form
(ψ1, ψ2, ψ3)
ᵀ
= ueiβz with u = (u1, u2, u3)
ᵀ
being the z-
independent eigenmode. Substitution into Eq. (1) yields
the eigenvalue problem: 0 κ1 κ2κ1 0 κ1
κ2 κ1 0
u = βu. (2)
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FIG. 1. System under investigation. (a) Cross-section of
three waveguides arranged in a linear chain. First- and
second-order coupling are indicated by red and blue arrows,
respectively. (b) Cross-section of a triangular configuration
with height b. (c) Top-view of the interferometer probing the
eigenvalue of the second eigenmode of the three waveguides.
The couplers are specified with their ratio of transmitted (T )
vs. reflected (R) power. All waveguides have constant and
equal refractive index, except at the phase shifter (magenta
section).
In this notation, the eigenvalues β are expressed relative
to the propagation constant of a single waveguide. One
finds rather straightforwardly that the solution bearing
the second-largest eigenvalue β2 is always:
u2 ∝ (1, 0,−1)ᵀ ; β2 = −κ2. (3)
Therefore, the eigenvalue of this antisymmetric eigen-
mode can be used as a probe for the strength of the
second-order coupling in the system. Note that Eq. (3)
holds independently of the particular value of κ1, as long
as the configuration remains symmetric with respect to
the central site. Moreover, one can show that neither
a detuning of the inner site nor nearest-neighbour mode
overlaps, as considered in Ref. 22, have an impact on the
antisymmetric eigenmode u2 and its eigenvalue. As a ref-
erence system we consider a triangular configuration, as
shown in Fig. 1(b), with the same distance 2d between
the outer sites but some vertical offset b of the central
channel. If the inner waveguide has any perturbative in-
fluence on κ2, one can intuitively expect it to be weaker
in the triangle than in the linear array, due to an in-
creased nearest-neighbour distance and the unobscured
‘line of sight’ between the outer sites.
In order to measure the eigenvalue β2 experimentally,
the coupled three-waveguide system of length L is em-
bedded into an interferometer which excites the antisym-
metric eigenmode, such that a phase β2L is accumulated
during the propagation. If the output light is superposed
with a phase reference, one can measure that phase, and,
thereby, obtain the eigenvalue and the second-order cou-
pling. Here we implement an integrated version of such
an interferometer. Its layout is shown in Fig. 1(c). An
additional waveguide channel 4 serves as phase reference,
whereas the central channel 2 does not reach either end
of the chip. The two directional couplers before z = 0
are used to distribute the light evenly across the two
sites occupied by mode u2 and the phase reference. If
light is injected into the first waveguide, the light ampli-
tude at z = 0 reads E (0) ∝ (eiφ, 0, i,−1)ᵀ, taking into
account the intrinsic phase shift of each coupler2. The
additional phase shift φ is introduced to match the eigen-
mode u2 by setting φ = −pi/2. If this phase is set cor-
rectly, the field does not change its shape while propagat-
ing through the coupled structure, but merely acquires a
phase β2L: E (L) ∝
(−ieiβ2L, 0, ieiβ2L,−1)ᵀ. Thus, af-
ter the final coupler the output state of the interferome-
ter reads Eout ∝
[√
2eiβ2L, 0, 1− eiβ2L,−i (1 + eiβ2L)]ᵀ,
which yields for the ratio of output powers in channels 3
and 4:
P3
P4
=
∣∣∣∣Eout,3Eout,4
∣∣∣∣2 = tan2(β22 L
)
, (4)
such that the magnitude of β2 can be determined from
that ratio.
We have implemented this eigenmode interferometer
by means of direct laser waveguide writing23. The waveg-
uides were inscribed in fused silica (Corning 7980 Stan-
dard, bulk refractive index n0 = 1.458) by translating
the material with 2.5 mm/s through the focus (numeri-
cal aperture 0.35) of 180 fs long 800 nm laser pulses with
a repetition rate of 100 kHz and average power of 25 mW.
The probe light had a wavelength of 633 nm and was lin-
early polarised along the x-axis in Fig. 1. The length
of the inner part of the interferometer was L = 7.17 cm,
where adjacent waveguides were spaced by d = 16µm.
The light evolution in the sample was measured via the
fluorescence of colour centres24 and the output light was
imaged directly onto a camera. With these techniques at
hand, the geometries of the couplers were optimised be-
forehand to achieve the desired power splitting ratios of
2 : 1 and 1 : 1. The phase φ was adjusted by writing a sec-
tion of 1 cm length with an increased speed, thus reducing
the waveguide’s propagation constant locally and induc-
ing a negative phase shift. A local velocity of 3.5 mm/s
was found to yield the cleanest excitation of the antisym-
metric eigenmode u2.
The experimental observations for the linear as well
as for a triangular waveguide configuration are presented
in Fig. 2. In both cases, the initial couplers distribute
the light with approximately equal power into the three
channels 1, 3 and 4. The antisymmetric eigenstate is
predominantly excited, as indicated by the near absence
of fluctuations of the light distribution in the coupled
region. For the linear chain (see Fig. 2(a)), one observes
that the output port 3 is nearly empty, whereas it is
occupied by a considerable amount of light in case of the
triangular coupled system ((b)). This suggests that there
must be a substantial difference in second-order coupling
between the two cases.
For a quantitative analysis, output images from a
range of structures with increasing height of the trian-
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FIG. 2. Measured light intensity evolution in the interferometer for (a) the linear array (b = 0) and (b) the triangular
configuration (b = 12 µm). The respective output intensities are shown on the right. The white ellipses highlight the key
difference between the two cases in the occupation of the third mode at the output of the device. Each image has been rescaled
to its maximum and the propagation images have been corrected for propagation losses.
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FIG. 3. Output intensity and analysis. The table shows the
measured output intensities for the linear chain (top row) and
triangles of increasing height b. The white boxes indicate the
windows of integration (51 × 51 pixels around the intensity
maxima) which have been used to extract the output powers
of all waveguides. The same colormap as in Fig. 2 is used.
The values for κ2 shown in the last column were obtained
from the extracted output powers via inversion of Eq. (4).
gle (b = 0, 3, . . . , 12 µm) were recorded. The total power
guided in each channel was inferred from an integration
of the measured intensity over the waveguide after cor-
recting for background light and noise filtering. The raw
images as well as the results of their analysis are listed
in Fig. 3. One observes a clear trend towards stronger
second-order coupling for increasing values of b, even
though the separation between the outer waveguides re-
mains the same. In the chain, κ2 is reduced by a factor
of 6 compared to the highest triangle with b = 12 µm,
which implies that the presence of the central channel
has an inhibitive effect on the second-order coupling in
the investigated system. Note that even though the sign
of κ2 cannot be resolved by the interferometer, a positive
coupling κ2 > 0 seems most plausible in all configura-
tions, as negative coupling between waveguides has so
far been demonstrated to exist only under very special
circumstances15,25,26, which are not met here. Due to a
high signal-to-noise ratio on the camera, imprecisions of
κ2 originating from the light intensity measurements are
negligibly small. Instead, the main experimental uncer-
tainties in our system arise from fabrication tolerances:
The precision of the transverse waveguide positions is
0.3 µm, whereas each waveguide’s propagation constant is
uncertain by ≈ 0.02 cm−1. These tolerances lead to some
random deviations from the design structure, namely a
variability in the splitting ratios of the directional cou-
plers and additional phase shifts in the interferometer.
Their impact on the experimental results is taken into ac-
count via numerical simulations of the light propagation
through ensembles of devices with random realisations of
these imperfections and the measured κ2 values as model
input. As most imperfections tend to decrease the inter-
ference contrast, one obtains a small systematic shift in
the resulting κ2, which can be subtracted from the mea-
sured data for bias-correction. The corrected data and
their uncertainties (obtained from the standard devia-
tions of the ensembles) are shown in Fig. 4(a), together
with the measured raw values. For b = 0 and b = 3µm,
the observed inhibition of second-order coupling is clearly
significant.
Finally, we compare the experimental observations
with the amount of coupling expected in absence of the
central channel, i.e., in a directional coupler with gap
2d. In order to calculate this coupling rate, we recon-
struct the refractive index profile of a single waveguide
from its measured mode intensity distribution. This re-
construction is performed via inversion of the Helmholtz
equation27, again after appropriate noise filtering of the
image. One obtains an elliptic profile with a maximum
height of about 7× 10−4 and a full-width-half-maximum
area of 3 × 11.5µm, as shown in Fig. 4(b). A system
of two such waveguides features a symmetric and an an-
tisymmetric eigenmode with eigenvalues βs and βas, re-
spectively. Their eigenvalue difference gives the coupling
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FIG. 4. (a) Comparison of the raw experimental data (blue
crosses; from last column of Fig. 3), the experimental data
after error analysis (cyan circles and error bars) and the cal-
culated coupling rate of a two-site coupler (green line). The
error-modelled data points are shifted from the raw data ac-
cording to the biases obtained from error simulation while
the error bars indicate ±1σ of the random uncertainty. (b)
Measured mode intensity profile of waveguide channel 1 and
reconstructed refractive index profile. (c) Calculated eigen-
modes and eigenvalues of a coupler with 2d = 32 µm.
rate2:
κdc =
βs − βas
2
. (5)
We calculate the modes numerically from the recon-
structed index profile by solving the full vectorial
Helmholtz equation via a finite element method (COM-
SOL). The two eigenmodes polarised in x-direction and
their eigenvalues are plotted in Fig. 4(c). One obtains
via Eq. (5) κdc ≈ 0.126 cm−1. This is the second-order
coupling one would expect in our three-site system if it
was purely governed by the exponential mode decay of
the outer modes and the central waveguide had no influ-
ence at all. Its value is indicated by the horizontal line
in Fig. 4(a). For triangles with sufficient vertical dis-
placement (b ≥ 6 µm), the measured second-order cou-
plings are in accordance with this non-pertubation sce-
nario. However, when the central site is placed between
the outer channels, its presence suppresses the second-
order coupling.
In this work, we have presented an integrated eigen-
mode interferometer, which permits to measure eigen-
values of coupled waveguide systems directly. In par-
ticular, it is used here for determining the second-order
coupling in a system of three coupled channels. It has
been shown that the second-order coupling equates to the
magnitude of one of the system’s eigenvalues. This eigen-
value is independent of the first-order coupling, there-
fore the second-order coupling is not hidden by other
effects as it is often the case in propagation experi-
ments. We found that in a laser-written linear chain
of three waveguides the second-order coupling is strongly
inhibited. The physical mechanism behind this inhibi-
tion remains elusive at this point. Numerical simula-
tions of the three-site system suggest a strong depen-
dence of the inhibition on the precise form of the re-
fractive index profiles. Therefore, an extended exper-
imental study with different fabrication parameters as
well as analogue investigations in different physical sys-
tems, such as lithographic arrays13–15, fiber waveguides28
or microwave resonators19, could provide more insight
in this respect. A suppression of coupling by a buffer
structure could perhaps be exploited to reduce undesired
cross-talk at waveguide array junctions29 or waveguide
crossings30–32 within three-dimensional photonic routing
networks. From a more general perspective, the concept
of the interferometer itself is applicable to any eigenmode
of any tight-binding coupled waveguide system: Given a
certain coupling configuration, only the first part of the
interferometer has to be engineered to excite the desired
eigenmode. Moreover, reconfigurable optical circuits33,34
could be employed to allow excitation and measurement
of all eigenmodes in a single device.
The authors thank Marco Ornigotti for valuable dis-
cussions and acknowledge financial support by the Euro-
pean Research Council (ERC, project 257531-EnSeNa),
the Canadian Institute for Advanced Research (CIFAR,
Quantum Information Science Program), the German
Ministry of Education and Research (Center for Inno-
vation Competence program, grant 03Z1HN31) and the
German Research Foundation (DFG, project SZ276/7-
1). R.K. is supported via a Lise-Meitner-Fellowship of
the Austrian Science Fund (FWF, project M 1849).
REFERENCES
1A. Jones, J. Opt. Soc. A 55, 261 (1965).
2K. Okamoto, Fundamentals of optical waveguides (Elsevier,
2006), 2nd ed.
3O. Peleg, G. Bartal, B. Freedman, O. Manela, M. Segev, and
D. N. Christodoulides, Phys. Rev. Lett. 98, 103901 (2007).
4M. C. Rechtsman, J. M. Zeuner, A. Tu¨nnermann, S. Nolte,
M. Segev, and A. Szameit, Nature Photon. 7, 153 (2013).
5H. B. Perets, Y. Lahini, F. Pozzi, M. Sorel, R. Morandotti, and
Y. Silberberg, Phys. Rev. Lett. 100, 170506 (2008).
6A. Peruzzo, M. Lobino, J. C. F. Matthews, N. Matsuda, A. Politi,
K. Poulios, X.-Q. Zhou, Y. Lahini, N. Ismail, K. Woerhoff,
Y. Bromberg, Y. Silberberg, M. G. Thompson, and J. L. O’Brien,
Science 329, 1500 (2010).
7F. Caruso, A. Crespi, A. G. Ciriolo, F. Sciarrino, and R. Osel-
lame, arXiv:1501.06438v1 [quant-ph] (2015).
8D. N. Biggerstaff, R. Heilmann, A. A. Zecevik, M. Gra¨fe, M. A.
Broome, A. Fedrizzi, S. Nolte, A. Szameit, A. G. White, and
I. Kassal, arXiv:1504.06152v1 [quant-ph] (2015).
9Q. Chao, D. D. Hudson, J. N. Kutz, and S. T. Cundiff, Photonics
Journal, IEEE 4, 1438 (2012).
10A. S. Solntsev, F. Setzpfandt, A. S. Clark, C. W. Wu, M. J.
Collins, C. Xiong, A. Schreiber, F. Katzschmann, F. Eilenberger,
R. Schiek, W. Sohler, A. Mitchell, C. Silberhorn, B. J. Eggleton,
T. Pertsch, A. A. Sukhorukov, D. N. Neshev, and Y. S. Kivshar,
Phys. Rev. X 4, 031007 (2014).
11M. Gra¨fe, R. Heilmann, A. Perez-Leija, R. Keil, F. Dreisow,
4
M. Heinrich, H. Moya-Cessa, S. Nolte, D. N. Christodoulides,
and A. Szameit, Nature Photon. 8, 791 (2014).
12S. Somekh, E. Garmire, A. Yariv, H. Garvin, and R. Hunsperger,
Appl. Phys. Lett. 22, 46 (1973).
13T. Pertsch, P. Dannberg, W. Elflein, A. Bra¨uer, and F. Lederer,
Phys. Rev. Lett. 83, 4752 (1999).
14R. Morandotti, U. Peschel, J. S. Aitchison, H. S. Eisenberg, and
Y. Silberberg, Phys. Rev. Lett. 83, 4756 (1999).
15S. Longhi, M. Marangoni, M. Lobino, R. Ramponi, P. Laporta,
E. Cianci, and V. Foglietti, Phys. Rev. Lett. 96, 243901 (2006).
16A. Szameit, F. Dreisow, M. Heinrich, T. Pertsch, S. Nolte,
A. Tu¨nnermann, E. Suran, F. Louradour, A. Barthelemy, and
S. Longhi, Appl. Phys. Lett. 93, 181109 (2008).
17A. Szameit, R. Keil, F. Dreisow, M. Heinrich, T. Pertsch,
S. Nolte, and A. Tu¨nnermann, Opt. Lett. 34, 2838 (2009).
18F. Qi, Z. G. Feng, Y. F. Wang, P. Xu, S. N. Zhu, and W. H.
Zheng, J. Opt. 16, 125007 (2014).
19M. Bellec, U. Kuhl, G. Montambaux, and F. Mortessagne, Phys.
Rev. B 88, 115437 (2013).
20L. A. Fernandes, J. R. Grenier, P. R. Herman, J. S. Aitchison,
and P. V. S. Marques, Opt. Express 20, 24103 (2012).
21A. Perez-Leija, R. Keil, A. Kay, H. Moya-Cessa, S. Nolte,
L.-C. Kwek, B. M. Rodr´ıguez-Lara, A. Szameit, and D. N.
Christodoulides, Phys. Rev. A 87, 012309 (2013).
22R. Heilmann, R. Keil, M. Gra¨fe, S. Nolte, and A. Szameit, Appl.
Phys. Lett. 105, 061111 (2014).
23K. Miura, J. Qiu, H. Inouye, T. Mitsuyu, and K. Hirao, Appl.
Phys. Lett. 71, 3329 (1997).
24F. Dreisow, M. Heinrich, A. Szameit, S. Do¨ring, S. Nolte,
A. Tu¨nnermann, S. Fahr, and F. Lederer, Opt. Express 16, 3474
(2008).
25N. K. Efremidis, P. Zhang, Z. Chen, D. N. Christodoulides, C. E.
Ru¨ter, and D. Kip, Phys. Rev. A 81, 053817 (2010).
26J. M. Zeuner, M. C. Rechtsman, R. Keil, F. Dreisow,
A. Tu¨nnermann, S. Nolte, and A. Szameit, Opt. Lett. 37, 533
(2012).
27I. Mansour and F. Caccavale, J. Lightwave Technol. 14, 423
(1996).
28U. Ro¨pke, H. Bartelt, S. Unger, K. Schuster, and J. Kobelke,
Opt. Express 15, 6894 (2007).
29R. Keil, M. Heinrich, F. Dreisow, T. Pertsch, A. Tu¨nnermann, S.
Nolte, D. N. Christodoulides, A. Szameit, Sci. Rep. 1, 94 (2011).
30T. Meany, M. Delanty, S. Gross, G. D. Marshall, M. J. Steel, M.
J. Withford, Opt. Express 20, 26895 (2012).
31A. M. Jones, C. T. DeRose, A. L. Lentine, D. C. Trotter, A. L.
Starbuck, R. A. Norwood, Opt. Express 21, 12002 (2013).
32A. Crespi, R. Osellame, R. Ramponi, M. Bentivegna, F. Flamini,
N. Spagnolo, N. Viggianiello, L. Innocenti, P. Mataloni, F. Scia-
rrino, arXiv:1508.00782 [quant-ph] (2015).
33Z. Chaboyer, T. Meany, L. G. Helt, M. J. Withford, and M. J.
Steel, Sci. Rep. 5, 9601 (2015).
34J. Carolan, C. Harrold, C. Sparrow, E. Mart´ın-Lo´pez, N. J. Rus-
sell, J. W. Silverstone, P. J. Shadbolt, N. Matsuda, M. Oguma,
M. Itoh, G. D. Marshall, M. G. Thompson, J. C. F. Matthews,
T. Hashimoto, J. L. O’Brien, and A. Laing, Science 349, 711
(2015).
5
